Regulatory T (Treg) cells require Foxp3 expression and induction of a specific DNA hypomethylation signature during development, after which Treg cells persist as a self-renewing population that regulates immune system activation. Whether maintenance DNA methylation is required for Treg cell lineage development and stability and how methylation patterns are maintained during lineage self-renewal remain unclear. Here, we demonstrate that the epigenetic regulator Uhrf1 is essential for maintenance of methyl-DNA marks that stabilize Treg cellular identity by repressing effector T cell transcriptional programs. Constitutive and induced deficiency of Uhrf1 within Foxp3 + cells resulted in global yet non-uniform loss of DNA methylation, derepression of inflammatory transcriptional programs, destabilization of the Treg cell lineage, spontaneous inflammation, and enhanced tumor immunity. These findings support a paradigm in which maintenance DNA methylation is required in distinct regions of the Treg cell genome for both lineage establishment and stability of identity and suppressive function.
Introduction
CD4 + Foxp3 + regulatory T (Treg) cells prevent catastrophic inflammation and facilitate tumor growth by suppressing immune system activation and promoting self-tolerance (1) (2) (3) . The Foxp3 transcription factor serves as the Treg cell lineage-specifying marker, and Treg cells require constitutive Foxp3 expression to maintain their identity and suppressive function. Mice lacking Treg cells owing to a mutation in the Foxp3 gene exhibit the scurfy phenotype, succumbing to multi-organ lymphoproliferative inflammation approximately 4 weeks after birth (4, 5) . Humans with FOXP3 mutations develop similar endocrine and enteral inflammation as part of the immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome (6) . Treg cell dysfunction contributes to the pathogenesis of numerous autoimmune conditions, including systemic lupus erythematosus (7) (8) (9) (10) (11) and systemic sclerosis (12) . In contrast, modern cancer immunotherapy blocks Treg cell suppressive function to dis-inhibit effector T cell-mediated killing of malignant cells (13) (14) (15) . Thus, mechanisms involved with both development and stability of the Treg cell lineage represent targets for therapies aimed at amelioration of autoimmune and malignant diseases (3) .
Treg cells develop from CD4-single-positive auto-reactive thymocytes that receive signals via CD28/Lck, the IL-2-CD25-Stat5 axis, and T cell receptor engagement by MHC-self-peptide complexes (16) . These events induce Foxp3 expression and independently establish a Treg cell-specific cytosine-phospho-guanine (CpG) hypomethylation pattern at certain genomic loci, including the Foxp3 locus and other loci whose gene products are important for Treg cell lineage identity and suppressive function (17) (18) (19) . Consistent with the Treg cell requirement for CpG hypomethylation, pharmacologic inhibition of DNA methyltransferase activity is sufficient to induce Foxp3 expression in conventional CD4 + T cells and to potentiate Treg cell suppressive function in multiple models of inflammation (20) (21) (22) (23) . In contrast, conditional constitutive deletion of the DNA methyltransferase Dnmt1 but not Dnmt3a in Treg cells diminishes their numbers and suppressive function (24) . Treg cell-specific Dnmt1 deficiency decreases global methyl-CpG content while maintaining the Treg cell-specific CpG hypomethylation pattern at Foxp3. In the periphery, TGF-β induces Foxp3 expression in conventional CD4 + T cells, although these cells lack the stabilizing DNA hypomethylation landscape that defines thymus-derived Treg cells (17, 25) . A minor population of CD4 + T cells can promiscuously and transiently express Foxp3, a phenomenon that has been linked to a population of ex-Foxp3 cells that does not represent epigenetic reprogramming of mature Treg cells (26, 27) . Conversely, some thymic emigrants referred to as potential Treg cells may harbor the Treg cell-specific CpG hypomethylation pattern but fail to express Foxp3 (28) . In adult mice, lineage-tracing studies determined that self-renewal of mature thymus-derived Treg cells maintains the Treg cell lineage even under inflammatory conditions (29) . This self-renewal model presupposes that DNA methylation patterns are passed from parent to daughter cell during the self-renewal process. Nevertheless, underlying mechanisms that regulate the stability of the mature Treg cell pool remain unclear, particularly the role of maintenance DNA methylation in lineage stability.
The epigenetic regulator Uhrf1 (ubiquitin-like with plant homeodomain and RING finger domains 1; also known as Np95 in mice and ICBP90 in humans) serves as a non-redundant adapter protein for Dnmt1 during S phase, recruiting Dnmt1 to hemi-methylated DNA to ensure maintenance of CpG methylation patterns as part of multiprotein gene-repressive complexes (30) (31) (32) (33) . Uhrf1 also regulates de novo DNA methylation via recruitment of Dnmt3a and Dnmt3b to chromatin (34, 35) . Global homozygous loss of Uhrf1 results in embryologic lethality (31) , phenocopying homozygous loss of Dnmt1 (36) . Conditional loss of Uhrf1 in T cells using a Cd4-Cre driver leads to failure of colonic Treg cell proliferation and maturation in response to commensal bacterial colonization (37) . Nevertheless, Uhrf1-deficient naïve T cells generated using the Cd4-Cre system are able to suppress experimental colitis due to TGF-β-mediated conversion of these cells into an induced Treg cell state (38) . The Treg cells would augment their suppressive function. Using conditional and chimeric knockout systems, we determined that Uhrf1-mediated DNA methylation is indeed required for thymic Treg cell development. In surprising contrast with our second hypothesis, we used an inducible conditional Uhrf1 knockout system to discover that maintenance DNA methylation at inflammatory gene loci is essential for stabilizing the identity and suppressive function of mature Treg cells.
Results
Treg cell-specific deletion of Uhrf1 results in a lethal inflammatory disorder. To test the necessity of maintenance DNA methylation in Treg cell development and function, we generated Treg cell-specific Uhrf1-deficient mice by crossing mice bearing loxP sequences at the Uhrf1 gene locus (Uhrf1 fl/fl ) (Supplemental Figure 1A) with mice expressing yellow fluorescent protein (YFP) and Cre recombinase driven by the Foxp3 promoter (Foxp3 YFP-Cre ) (39) . Crosses of male Uhrf1 +/fl Foxp3 YFP-Cre/Y mice with female Uhrf1 fl/fl Foxp3 +/YFP-Cre mice generated F1 pups in statistically Mendelian ratios, although male Uhrf1 fl/fl Foxp3 YFP-Cre/Y offspring were under-represented at the time of genotyping (approximately 3 weeks of age) (Supplemental Figure 1B) . Uhrf1 fl/fl Foxp3 YFP-Cre mice appeared normal at birth but then exhibited spontaneous mortality with a median survival of 28.5 days (Figure 1A ).
Beginning at approximately 3 weeks of age, Uhrf1 fl/fl Foxp3 YFP-Cre mice were smaller than littermate control mice (Uhrf1 +/fl Foxp3 YFP-Cre ) and displayed scaly skin with cratering and loss of fur (Supplemental Figure 1C and Figure 1B ). Histological examination of the skin revealed infiltration of the dermis and sub-dermis by a large number of inflammatory cells, including lymphocytes and monocytes. Similar to the skin, nearly every internal organ exhibited a mixed cellular infiltrate consisting predominantly of lymphocytes but also monocytes and neutrophils ( Figure 1C) . This striking lymphocytic infiltrate consisted of both CD4 + and CD8 + T cells (Figure 1D ), suggesting a lymphocytic inflammatory disorder reminiscent of the scurfy phenotype (4, 5) .
Figure 1.
Treg cell-specific Uhrf1-deficient mice spontaneously develop a fatal inflammatory disorder. (A) Survival curves of littermate control (Uhrf1 +/fl Foxp3 YFP-Cre , n = 9) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 14) mice compared using the log-rank (Mantel-Cox) test. (B) Gross photographs of 3-4-week-old littermate and Uhrf1 fl/fl Foxp3 YFP-Cre mice along with photomicrographs of skin. Scale bar represents 100 µm. (C) Photomicrographic survey of organ pathology. Scale bar represents 100 µm. (D) CD3ε + T cell subsets in selected organs. For lung, n = 5 (littermate) and 10 (Uhrf1 fl/fl Foxp3 YFP-Cre ); for liver, n = 6 (littermate) and 4 (Uhrf1 fl/fl Foxp3 YFP-Cre ); for kidney, n = 6 (littermate) and 4 (Uhrf1 fl/fl Foxp3 YFP-Cre ); for colon, n = 3 (littermate and Uhrf1 fl/fl Foxp3 YFP-Cre ). (E) Cytokine profile of splenic CD3ε + CD4 + T cells following ex vivo stimulation with phorbol 12-myristate 13-acetate and ionomycin for 4 hours in the presence of brefeldin A. Representative contour plots and summary data are shown. n = 5 per group. Summary plots show all data points with mean and standard deviation. * q < 0.05, ** q < 0.01, † q < 0.001, ‡ q < 0.0001, n.s. not significant by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5%. See Supplemental Table 1 for fluorochrome abbreviations. Chi-square test for goodness of fit p = 0.11 for male offspring and 0.57 for female offspring. Chi-square = 6.1 for males and 2.0 for females, both with 3 degrees of freedom. n = 65 males and 82 females. (C) Body mass of littermate control (Uhrf1 +/fl Foxp3 YFP-Cre , n = 7) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 11) mice. (D) Gross spleen photomicrographs with cm-ruler. (E) Splenic masses from littermate (n = 6) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 12) mice. (F) Spleen cellularity of littermate (n = 5) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 10) mice. (G) Spleen CD3ε + T cell numbers from littermate (n = 5) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 8) mice. (H) Photomicrographs of spleen. Scale bar represents 100 µm. (I) Activation state of splenic CD3ε + CD4 + Foxp3cells. Representative contour plots and summary data of CD44 hi CD62L lo cells are shown. n = 5 (littermate) and 8 (Uhrf1 fl/fl Foxp3 YFP-Cre ). (J) Photomicrographs of lymph node and thymus. Scale bar represents 100 µm. (K) Thymic mass of littermate (n = 5) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 9) mice. (L) Thymus cellularity of littermate (n = 7) and Uhrf1 fl/fl Foxp3 YFP-Cre (n = 9) mice. Summary plots show all data points with mean and standard deviation except for (B), which shows mean and 95% confidence interval (Wilson/Brown method). * p < 0.05, ** p < 0.01, † p < 0.001, ‡ p < 0.0001 by Mann-Whitney test. See Supplemental Table 1 for fluorochrome abbreviations.
Treg cell-specific Uhrf1-deficient mice showed other signs of lymphocyte-driven immune system activation, including splenomegaly and splenic structural disarray characterized by architectural disruption and lymphoid hyperplasia (Supplemental Figure 1 , D-H). CD3ε + CD4 + T cells in the spleen displayed an activated profile, exhibiting an increased frequency and total number of CD44 hi CD62L lo effector T cells (Supplemental Figure   1I ). Other secondary lymphoid organs also exhibited evidence of immune system activation, including replacement of lymph node germinal centers with a mixed cellular infiltrate and lymphocyte depletion of the thymus, which was also atrophic (Supplemental Figure 1 , J-L). To better characterize this severe inflammation, we performed intracellular cytokine profiling of CD3ε + CD4 + T cells from the blood, spleen, and lung. These Table 1 for fluorochrome abbreviations.
The Foxp3 YFP-Cre construct is first expressed at sustained levels at the thymic Treg cell stage of development (19) . Accordingly, we examined the fraction of Foxp3 + cells among CD4-single-positive cells in the thymus and found that thymic Treg cells were increased in frequency among Uhrf1 fl/fl Foxp3 YFP-Cre mice ( Figure 2D ) and displayed increased proliferation (Figure 2E ). Nevertheless, total thymic Treg cell numbers were similar between littermates and Uhrf1 fl/fl Foxp3 YFP-Cre mice (Figure 2F) , likely due of the severe thymic atrophy observed among 360 genes with an FDR q-value < 0.05 comparing the cell populations from (C) with k = 2 and scaled as z-score across rows. Genes of interest are annotated. (E) Cumulative distribution function plot of 1.4 x 10 6 well-observed CpGs. CpG methylation is expressed as beta scores with 0 representing unmethylated and 1 representing fully methylated; a shift in the cumulative distribution function up and to the left represents relative hypomethylation. (F) CpG methylation at the loci of differentially expressed genes (defined as the gene body ± 2 kb). (G) CpG methylation at 1,335 differentially methylated regions. (H) Average gene expression (z-score) at 567 gene loci within 5 kb of differentially methylated regions. n = 5 (control) and 12 (chimera) for (A) and (B) and 4 mice per group for (C-F). Summary plots show all data points with mean and standard deviation; violin plots show median and quartiles. * q < 0.05, ** q < 0.01, † p < 0.001, ‡ q or p < 0.0001, n.s. not significant by Mann-Whitney test (A and B), a mixed-effects analysis with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5% (F), or Kolmogorov-Smirnov test for cumulative distributions (G and H). The approximate p-value resulting from a Kolmogorov-Smirnov test for cumulative distributions is shown in (E). See Supplemental Table  1 for fluorochrome abbreviations. Table 1 for fluorochrome abbreviations.
Foxp3 + cells from Uhrf1 chimeric knockout mice exhibit downregulation of genes associated with Treg cell suppressive function and loss of DNA methylation while preserving Foxp3 locus expression and methylation
patterning. We took advantage of the Uhrf1 chimeric knockout system to investigate inflammation-independent mechanisms of impaired suppressive function in Uhrf1-deficient Treg cells. Accordingly, we performed transcriptional profiling of CD3ε + CD4 + CD25 hi Foxp3-YFP + cells isolated from control and Uhrf1 chimeric knockout mice. RNA-sequencing followed by an unsupervised analysis revealed differential expression of 360 genes with a false-discovery rate (FDR) q-value < 0.05 (Figure 3, C and D) . Genes that were downregulated in cells from chimeric knockout animals included those classically associated with Treg cell activation and suppressive function: Ahr, Cd38, Cd44, Entpd1, Icos, Gata3, Nrp1, Nt5e, Pdcd1, Sema4c, and Tox2. Genes upregulated in knockout cells included Bach2, Bcl2, Ccr2, Cd47, Eomes, Ifngr1, Ms4a4b, Satb1, Sell, Socs3, and Tob1-many of which are associated with impaired Treg suppressive function and gain of effector T cell function. Importantly, Foxp3 expression was not significantly affected by Uhrf1 deficiency (log2(fold-change) = 0.39, FDR q-value = 0.06). Gene Set Enrichment Analysis using a list of genes canonically associated with Treg cell identity (40) revealed significant negative enrichment within cells from chimeric knockout mice (Supplemental Figure 4A) . Genome-wide CpG methylation profiling with modified reduced representation bisulfite sequencing (mRRBS) revealed a striking global hypomethylation pattern within CD3ε + CD4 + CD25 hi Foxp3-YFP + cells from Uhrf1 chimeric knockout mice compared with control mice (Figure 3E and Supplemental Figure 4B ). CpG methylation was specifically reduced at the loci of differentially expressed genes in cells from chimeric knockout mice, particularly at upregulated loci (Figure 3F) . We next used an unsupervised procedure to define 1,335 differentially methylated regions (DMRs); these DMRs were significantly hypomethylated in cells from chimeric knockout mice compared with control mice (Figure 3G ). Gene expression was increased at loci near these DMRs (Figure 3H) , consistent with loss of Uhrf1-mediated DNA methylation leading to derepression of these loci. Importantly, CpG methylation across Treg cell-specific super-enhancer elements and the super-enhancer at the Foxp3 locus, which contains the canonical Foxp3 conserved non-coding sequences (19) Uhrf1 is required for stability of Treg cell suppressive function. Thymus-derived Treg cells self-renew to maintain the Treg cell lineage (29) . Accordingly, we sought to understand how Treg cell-specific loss of Uhrf1 affects the stability of both the developing and mature Treg cell pools. To that end, we generated inducible, Treg cellspecific, Foxp3 lineage-traceable, Uhrf1-deficient mice (Figure 4A) . These mice-which we refer to as iUhrf1 fl/fl mice-are homozygous for the Uhrf1 fl allele, an inducible Foxp3-Cre driver with a GFP label (Foxp3 eGFP-CreERT2 ), (Figure 4E) , albeit less severe, as these iUhrf1 fl/fl mice were not approaching the moribund status that Uhrf1 fl/fl Foxp3 YFP-Cre mice displayed at 3-4 weeks of age. Summary plots show all data points with mean and standard deviation as a fraction of splenic CD4cells. n = 4 (iUhrf1 +/+ ) and 8 (iUhrf1 fl/fl ).
Using this system, we found that both 4-and 8-week-old iUhrf1 fl/fl mice displayed a significant increase in the proportion of ex-Foxp3 (Foxp3-GFP -tdTomato + ) cells as a fraction of labeled (tdTomato + ) cells compared with iUhrf1 +/+ mice (Figure 4, F and G) . The ratio of ex-Foxp3 cells to Treg cells was increased among both age groups, although 4-week-old iUhrf1 fl/fl mice had a greater increase in the ratio than 8-week-old mice (Figure 4H Ex-Foxp3 cells generated following loss of Uhrf1 exhibit a distinct inflammatory gene expression profile. To define the molecular features of ex-Foxp3 cells resulting from loss of Uhrf1, we used a pulse-chase experimental design in which 8-week-old iUhrf1 +/+ and iUhrf1 fl/fl mice received tamoxifen for 2 weeks followed by standard chow for 4 weeks (Figure 5A) . The pulse period allowed tracking of ex-Foxp3 cells; the chase period allowed accumulation of Uhrf1-sufficient (Foxp3-GFP + tdTomato -) cells that were able to suppress the spontaneous systemic inflammation observed in the extended pulse-only experiments (Supplemental Figure 7, A-E) . In contrast with the extended pulse experiment shown in Figure 4 , the frequency of each labeled population was similar between iUhrf1 +/+ and iUhrf1 fl/fl mice following the pulse-chase period. Thus, we used the Uhrf1-sufficient (Figure 5G and Supplemental Figure 7H) . Collectively, these unsupervised analyses demonstrate that loss of Uhrf1 results in generation of ex-Foxp3 cells displaying an excessively activated and inflammatory profile.
Altered DNA methylation patterns underlie the gain of inflammatory signature and loss of Treg cell signature observed in Uhrf1-deficient ex-Foxp3 cells. We performed genome-wide CpG methylation profiling on the sorted Foxp3-GFP + tdTomato + and ex-Foxp3 cells from iUhrf1 +/+ and iUhrf1 fl/fl mice obtained following the pulse-chase experiment illustrated in Figure 5A . Principal component analysis of differentially methylated cytosines revealed nominal differences between the Foxp3-GFP + tdTomato + and ex-Foxp3 cells from iUhrf1 +/+ mice but substantial spread between the same cell types obtained from iUhrf1 fl/fl mice (Figure 6A) . Similar to the findings from Uhrf1 chimeric knockout animals, Foxp3-GFP + tdTomato + cells from iUhrf1 fl/fl mice contained a global hypomethylation pattern that was further hypomethylated in ex-Foxp3 cells (Figure 6B) . In contrast, Uhrf1-sufficient ex-Foxp3 cells exhibited only a minor degree of hypomethylation relative to Foxp3-GFP + tdTomato + cells. To explore these differential methylation patterns in more detail, we performed an unsupervised procedure that revealed 17, 249 DMRs that were within 5 kb of 8,101 gene bodies (inclusive). These putative regulatory elements did not exhibit differential methylation between Foxp3-GFP + tdTomato + and ex-Foxp3 cells from iUhrf1 +/+ mice; however, both cell types were hypomethylated in iUhrf1 fl/fl mice, which displayed further reductions in methylation within ex-Foxp3 compared with Foxp3-GFP + tdTomato + cells (Figure 6C) . These DMRs were located near 642 differentially expressed genes (a majority of 1,270), a finding that was unlikely due to chance alone (Figure 6D) . (19) . Violin plots show median and quartiles. n = 4 mice per cell type for both genotypes. A hypergeometric p-value is shown in (D). ‡ q < 0.0001, n.s. not significant by a mixed-effects analysis with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5% (C).
We next examined DMRs found near differentially expressed genes and selected those regions with greater than 25% difference between any groups. Functional enrichment analysis of these regions using the Genomic Regions Enrichment of Annotations Tool (GREAT) (44) and the Mouse Genome Informatics Phenotype ontology (45) revealed significant enrichment in phenotypes that are characterized by abnormal adaptive immunity and dysregulated T cell development and physiology (Supplemental Figure 8, A and B) . We then averaged the methylation level of DMRs associated with unique genes and defined three k-means clusters (Figure 6E) ; the cluster structure mirrored the k-means transcriptional analysis in Figure 5C . Inspection of the three clusters revealed a large hypomethylated cluster peculiar to Uhrf1-deficient ex-Foxp3 cells that contained the master regulator of the Th1 lineage, Tbx21. Indeed, the DMR(s) associated with Tbx21 and other inflammatory genes were hypomethylated in Uhrf1-deficient but not Uhrf1-sufficient ex-Foxp3 cells (Figure 6, F-H and Supplemental   Figure 8C ). Interestingly, DMRs near core Treg cell signature genes, including Foxp3, became methylated in Uhrf1-deficient but not Uhrf1-sufficient ex-Foxp3 cells (Supplemental Figure 8D) . Because the primary mechanistic effect of Uhrf1 loss is hypomethylation, the observed hypermethylation of Treg cell signature genes appears to represent a secondary effect of derepressing the inflammatory program. Compared with the other populations, methylation across Treg-SE was greatest within the ex-Foxp3 cells of iUhrf1 +/+ mice, likely reflecting their developmental origin as unstable Foxp3 + or potential Treg cells that transiently expressed Foxp3 after thymic emigration (28) (Figure 6I) . Altogether, genome-wide DNA methylation profiling and an unsupervised analytic approach revealed alterations in DNA methylation patterning that explained the transcriptional and phenotypic reprogramming that results from loss of Uhrf1. Figure 8 . Extended DNA methylation analysis of the pulse-chase model. (A) Directed acyclic graph (DAG) based on the enriched terms (shown in blue) from the Mouse Genome Informatics Phenotype ontology (45) . Nodes are sized according to binomial fold enrichment. (B) Bar chart of binomial p-values based on the analysis shown in (A). (C and D) CpG methylation at the differentially methylated region (DMR) located at the Tbx21 locus (C, chr11:97,112,193-97,113,285) and the Foxp3 locus (D, chrX:7,580,236-7,581,944). (E) Graphical abstract of the proposed model. Violin plots show median and quartiles. n = 4 mice per cell type for both genotypes. * q < 0.05, † q < 0.001, n.s. not significant by a mixed-effects analysis with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5% (C and D).
Supplemental

Loss of Uhrf1 in mature Treg cells results in enhanced tumor immunity and accumulation of intra-tumoral ex-
Foxp3 cells. To further test the effect of induced Uhrf1 loss on Treg cell suppressive function and ex-Foxp3 cell effector function, we evaluated the ability of iUhrf1 fl/fl mice to grow B16 melanoma tumors (46) . Compared with iUhrf1 +/+ controls, iUhrf1 fl/fl mice exhibited slowed tumor growth and the beginning of tumor regression at 3 weeks post-injection-the time when control mice required euthanasia due to tumor ulceration ( Figure 7A) . When assessed ex vivo at 21 days post-injection, tumor volumes and masses were significantly lower among iUhrf1 fl/fl mice compared with control mice (Figure 7, B and C) . Flow cytometry analysis revealed a substantial increase in the frequency of ex-Foxp3 cells within the tumors of iUhrf1 fl/fl mice, which also exhibited a paucity of Treg cells (Figure 7D) . These experiments illustrate that mature Treg cells require Uhrf1 to suppress host-versus-tumor immunity and that induction of Treg cell-specific Uhrf1 deficiency promotes generation of ex-Foxp3 cells during the immune response to malignancy.
Collectively, our findings demonstrate that Foxp3 + Treg cells require Uhrf1-mediated maintenance of DNA methylation at inflammatory gene loci for their development and functional stability (Supplemental Figure 8E ). 
Discussion
Regulatory T cells develop from the complex interplay of trans-and cis-regulatory mechanisms and are maintained as a stable, self-renewing population (17, 19, 26, 29, 47) . Here, we determined that Treg cells require In our studies, we found that Uhrf1 serves as an essential regulator that is required to maintain DNA methylation at defined genomic loci during both Treg cell development and self-renewal. Unlike Uhrf1 fl/fl Cd4 Cre mice with pan-T cell Uhrf1 deficiency that develop inflammation localized to the colon (37), Uhrf1 fl/fl Foxp3 Cre mice in our study spontaneously developed widespread inflammation (the scurfy phenotype), indicating a fundamental role for Uhrf1-mediated maintenance of DNA methylation in stabilizing Treg cell identity after Foxp3 induction in the thymus. These findings also suggest that Uhrf1 is required to maintain a specific DNA methylation landscape in pre-Treg (pre-Foxp3) thymocytes that differs from the landscape required after induction of Foxp3 expression.
Following thymic emigration, the Treg cell lineage is remarkably stable with self-renewal across the lifespan (29) .
Indeed, the ex-Foxp3 cells that we observed in adult control animals did not display an inflammatory gene expression profile but did exhibit increased super-enhancer methylation compared with Treg cells, reflecting their developmental origin as either unstable Foxp3 + cells or potential Treg cells as defined by Ohkura et al (28) . In contrast, the increased number of ex-Foxp3 cells generated following loss of Uhrf1 expressed a Th1-like profile, indicating destabilization of the Treg cell lineage upon loss of maintenance DNA methylation. We propose a model in which Treg cells require maintenance of DNA methylation at inflammatory gene loci for their development and stability (see Supplemental Figure 8E ). In our model, loss of these marks results in derepression of inflammatory genes, including Tbx21. A secondary wave of methylation then represses core Treg cell loci, including Foxp3, to generate inflammatory ex-Foxp3 cells that contribute to spontaneous inflammation and tumor rejection. The genome-wide transcriptional and DNA methylation profiles of Uhrf1deficient ex-Foxp3 cells support this mechanism, with hypomethylation of the Tbx21 locus and secondary methylation of the Foxp3 locus. How gain of the effector program results in silencing of Foxp3 and other Treg cell-defining loci remains an open question. Our data support the speculation that methylation-mediated silencing of TET enzyme expression in Uhrf1-deficient ex-Foxp3 cells contributes to gain of methylation at core Treg cell loci, ultimately downregulating their expression (48) .
Our results inform the rational design of DNA methylating or demethylating agents for the purpose of immunomodulatory therapy. Numerous lines of evidence demonstrate that pharmacologic inhibition of DNA methyltransferase activity induces Foxp3 expression in CD4 + T cells and promotes Treg cell suppressive function in adult mice (20) (21) (22) (49) (50) (51) . Based on these studies, we initially hypothesized that loss of Uhrf1 in adult mice Tissue and cell preparation. Organs were prepared for histological assessment with sectioning and hematoxylin and eosin staining as previously described (20, 46) . For preparation of colonic tissue for flow cytometry, colons were collected from mice, flushed with 10 mL ice-cold PBS, and washed twice with RT HBSS + 2% fetal bovine serum (FBS). Colons were then cut into 1-cm pieces, placed in a 50-mL conical tube containing 10 mL RT HBSS + 2% FBS + 2 mM EDTA, and incubated for 15 minutes at 37 °C with rotation. Supernatant was discarded and the colon was washed twice with HBSS, cut into 2-mm pieces, placed in 10 mL of pre-warmed RPMI + 10% FBS Flow cytometry analysis and fluorescence-activated cell sorting. Single-cell suspensions of visceral organs and blood were prepared and stained for flow cytometry analysis and fluorescence-activated cell sorting as previously described (20, 46, (53) (54) (55) using the reagents and cytometer setup shown in Supplemental Table 1 . Cell counts of single-cell suspensions were obtained using a hemocytometer with trypan blue exclusion or a Cellometer with AO/PI staining (Nexcelom Bioscience) before preparation for flow cytometry. Data acquisition for analysis was performed using a BD LSRFortessa or Symphony A5 instrument with FACSDiva software (BD). Cell sorting was performed sing the 4-way purity setting on BD FACSAria SORP instruments with FACSDiva software.
Fluorescence-minus-one controls were used. Analysis was performed with FlowJo v10.6.1 software. Dead cells were excluded using a live-dead marker for analysis and sorting. Table 1 for details) for 30 minutes at room temperature, washed, and resuspended in PBS with 0.5% bovine serum albumin (BSA) before flow cytometry analysis as above.
Annexin staining. Single-cell suspensions were incubated with a UV-excitable viability dye (Molecular Probes #L23105) followed by surface staining as above and previously described (20, 46, 53, 54) . Cells were then washed and resuspended in annexin-binding buffer (10 mM HEPES, 140 mM NaCl, and 2.4 mM CaCl2; pH 7.4) at a concentration of 1 x 10 6 cells/mL. 5 µL Annexin V Pacific Blue conjugate (Invitrogen #A35122) per 100 µL of cell suspension was then added and incubated for 15 minutes at room temperature and then washed with annexin-binding buffer before resuspension in PBS with 0.5% BSA for flow cytometry analysis as above. RNA-sequencing. Nucleic acid isolation, fragmentation, adapter ligation, and indexing were performed as previously described using the Qiagen AllPrep DNA/RNA Micro Kit and the SMARTer Stranded Total RNA-Seq Kit v2 (Takara) (46, 56) . Sequencing was performed on an Illumina NextSeq 500 instrument, employing singleend sequencing with the NextSeq 500/550 V2 High Output reagent kit (1 x 75 cycles), and targeting a read depth of at least 10 x 10 6 aligned reads per sample. Indexed samples were demultiplexed to fastq files with BCL2FASTQ v2.17.1.14, trimmed using Trimmomatic v0.38 (to remove end nucleotides with a phred score less than 30 while requiring a minimum length of 20 bp), and aligned to the mm10 (GRCm38) reference genome using TopHat v.2.1.0 (46) . Counts data for uniquely mapped reads over exons were obtained using SeqMonk v1.45.4 and filtered to protein-coding genes and genes with at least 1 count per million in at least 2 samples. Differential gene expression analysis was performed with the edgeR v3.24.3 R/Bioconductor package using R v3.5.1 and RStudio v1.1.447 as stated in the text and individual figure legends and as described previously (54, 57) . K-means clustering and heat maps were generated using the Morpheus web interface (https://software.broadinstitute.org/morpheus/). Gene Set Enrichment Analysis was performed using the GSEA v4.0.3 GSEAPreranked tool (58) with genes ordered by log2(fold-change) in average expression.
Modified reduced representation bisulfite sequencing. Genomic DNA was subjected to mRRBS as previously described (46, 54, (59) (60) (61) (62) . Bisulfite conversion efficiency averaged 99.52% ± 0.052% (SD) as estimated by the measured frequency of unmethylated CpGs in λ-bacteriophage DNA (New England BioLabs, #N3013S) added at a 1:200 mass ratio to each sample. Processing and analysis were conducted as previously described using Trim Galore! v0.4.3, Bismark v0.16.3, the DSS v2.30.1 R/Bioconductor package, and quantified with the SeqMonk platform with the bisulphite feature methylation pipeline, all using the mm10 (GRCm38) reference genome. Well-observed CpGs were defined as in reference (62) . Differentially methylated regions (DMR) were defined using the callDMR function within the DSS R/Bioconductor package using a p-value threshold of 0.05, a minimum length of 50 bp, a minimum significant CpG count of 2, merging DMR within 100 bp, and requiring 50% of the CpGs within a DMR to meet the significance threshold without a pre-defined methylation difference (delta).
Functional enrichment analysis was performed using the GREAT tool (44) and the Mouse Genome Informatics
Phenotype ontology (45) with the basal+extension association rule (constitutive 5 kb upstream and 1 kb downstream, up to 1000 kb max extension) against the whole genome as background. Metagene analysis was performed using SeqMonk's quantitation trend plot function across Treg cell-specific super-enhancer elements (19) after liftover of coordinates from the mm9 to the mm10 reference genome (59) .
B16 melanoma model. 100,000 B16-F10 cells (ATCC CRL-6475) were subcutaneously injected into the hairtrimmed flank of 8-12-week-old mice. All cells were determined to be free of Mycoplasma contamination before injection. Tumor progression was measured as previously described (46) . A subset of tumors was resected postmortem for photographic and flow cytometry analysis. experiments. For next-generation sequencing experiments, indicated sample sizes were chosen to obtain a minimum of 10 6 unique CpGs per biological replicate as modeled using the DSS statistical procedures (46, 54, (59) (60) (61) (62) . Computational analysis was performed using Genomics Nodes and Analytics Nodes on Quest, Northwestern University's High-Performance Computing Cluster.
Data availability. The raw and processed next-generation sequencing data sets have been uploaded to the GEO database (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE143974, which will be made public upon peer-reviewed publication.
Code availability. Code used for RNA-seq processing is available from https://github.com/ebartom/NGSbartom. Code used for mRRBS processing is available in the supplement to reference (62) . 
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